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Abstract 
The co-option of existing traits for novel functions is fundamental to many theories of 
trait evolution, but relatively few studies have examined evolutionary co-option at a behavioral 
level. Trap-jaw ants in the genus Odontomachus have a rapid and powerful mandible snap that is 
used during predation to disable fast or dangerous prey. Previous research suggests that some 
trap-jaw species may have co-opted the high forces generated by the mandibles for escape: in 
threatening situations ants direct their strikes against the substrate and launch themselves into the 
air. Until now, no actual predators or competitors have been found in the field against which 
trap-jaw use their “escape jumps.” Here, I examine the use of mandible snapping behavior in two 
trap-jaw species (Odontomachus brunneus and Odontomachus relictus) during their interactions 
with predatory antlions in the genus Myrmeleon. Using behavioral observations, high-speed 
videography, and traditional bioassays, I describe how trap-jaw ants can use their mandible 
strikes to escape from antlion pits. Interestingly, while both species use the mandible snap for 
predation, only O. brunneus use the mandible snap to escape from antlion pits. A comparison of 
the kinematic properties of mandible strikes suggests that differences in force generation might 
contribute to the behavioral differences between these species. Taken together, my results 
indicate that trap-jaw mandible snaps can be used to escape from natural predators, lending 
support to the idea that this predatory behavior has been evolutionarily co-opted for anti-predator 
defense. 
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Introduction 
 Rather than arising de novo, many complex traits have been secondarily adapted from 
traits with functions unrelated to their current use (Gould and Vrba 1982). This evolutionary co-
option has been critical to the understanding of evolutionary novelty and the generation of new 
biological traits. For example, the α crystalline/small heat-shock family of proteins originally 
evolved in the common ancestor of prokaryotes and eukaryotes as stress-induced molecular 
chaperones but after several gene duplication events were co-opted for light refraction in the 
vertebrate eye lens (de Jong et al. 1998; de Jong et al.1993). Similarly, the pathways responsible 
for wing development in insects have been co-opted in treehoppers (Membracidae) to form 
elaborate thoracic “helmets” used in mimicry (Prud’homme et al. 2011). Researchers have 
documented many similar examples of co-opted genes, developmental pathways, and 
morphological structures (Shubin et al. 2009; True and Carroll 2002; Ganfornina and Sánchez 
1999).  
Traits at any organizational level can be repurposed by evolution for new functions, 
including at the level of behavior. For example, in bowerbirds of the genus Chlamydera, the 
skraa call used during aggressive male-male interactions has been co-opted by females in some 
species as a courtship signal (Borgia and Coleman 2000). Genes regulating foraging behavior in 
solitary insects have been repurposed in honey bees for the regulation of division of labor, such 
as the onset of foraging and associated behaviors (Toth and Robinson 2010). Despite the many 
examples of functional shifts of genes and development, the co-option of behavioral traits has 
been relatively understudied. In this study, I explore the evolutionary co-option of specialized 
predatory mandible strikes for escape in trap-jaw ants. 
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Trap-jaw ants are characterized by elongated mandibles armed with distal teeth that snap 
shut at some of the fastest speeds ever recorded for an animal movement. Members of the genus 
Odontomachus, for example, are capable of snapping their mandibles shut as fast as 60 m/s and 
generate forces over 300 times their body mass (Spagna et al. 2008; Patek et al. 2006). The 
mandible morphology, musculature and neural control that makes up the trap-jaw apparatus have 
independently evolved at least four times in three subfamilies (Brady et al. 2006; Moreau et al. 
2006) and is widely thought to be an adaptation for disabling fast or dangerous prey (e.g. 
springtails and chemically-defended termites) (De la Mora et al. 2008; Moffett 1986). The 
functional morphology of the trap-jaw apparatus has been described for a number of lineages, 
and all show a similar catapult mechanism for power storage and amplification, although the 
exact morphological structures used for each component are different in each lineage 
(Gronenberg et al.1993; Gronenberg 1995a; Gronenberg 1995b; Gronenberg 1996; Gronenberg 
et al. 1998). 
Although all trap-jaw ants use their mandible strike for predation, in at least two lineages, 
this behavior has been co-opted for defense. In the so-called “bouncer defense,” nest-guarding 
workers of Orectognathus versicolor (subfamily Myrmicinae) and Odontomachus ruginodis 
(subfamily Ponerinae) direct their strikes against invading ants, bouncing the invaders away from 
the nest entrance (Carlin 1981; Carlin and Gladstein 1989). During these interactions, the 
mandible strike occasionally causes the ants themselves to be flung into the air. Although trap-
jaw jumping has been observed by many researchers, occurrences have generally been assumed 
to be an accidental by-product of striking large objects (Wheeler 1922; Carlin and Gladstein 
1989). More recently, Patek et al. (2006) suggested that the some of the propulsive behavior in 
Odontomachus bauri is intentional. They described two distinct jumping behaviors characterized 
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by jump trajectory and head angle: a horizontal “bouncer jump” resulting from strikes against 
hard objects with their head parallel with respect to the substrate and an intentional vertical 
“escape jump” resulting from strikes against the substrate itself with their head perpendicularly 
oriented.  
Previous research demonstrates that at least four species of Odontomachus can use their 
mandible strikes for escape jumps, and that these jumps are context-dependent (Spagna et al. 
2009). Individual workers that are introduced into heterospecific nests use the escape jump with 
a greater frequency than resident workers. This evidence, combined with the unique head angle 
associated with escape jumps, supports the hypothesis that vertical jumps are intentional predator 
avoidance behaviors rather than a by-product of striking a hard surface. This is consistent with 
the idea that the trap-jaw condition evolved in the ponerine lineage for predation, and, at least in 
within Odontomachus has been co-opted as an anti-predator behavior. However, several 
fundamental questions about escape jumps remain unanswered. No ecologically relevant 
predators or competitors have been identified against which trap-jaw ants use their mandibles for 
escape. Additionally, escape jumps have been studied in only five species of Odontomachus; it is 
still unclear which species of trap-jaw ant use their mandible strikes as an escape mechanism. 
 In this study, I report a trap-jaw ant using its mandible-powered jump to escape from a 
co-occurring predator. Using a combination of behavioral observations, high-speed videography 
and behavioral assays, I characterized the use of escape jumps by two species of Odontomachus 
to avoid predation by antlions (larval neuropterans in the family Myrmeleontidae). I also 
measured the kinematic properties of the mandible snap of each species to see if any physical 
constraints explain the behavioral differences between the two species. 
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Materials and Methods 
Study Site and Species 
 I collected ants in June 2010, and June and September 2011 at Archbold Biological 
Station (ABS) and the MacArthur Agro-ecology Research Center, both located along the Lake 
Wales Ridge in central Florida. Foragers of two species of trap-jaw ants (Odontomachus 
brunneus and Odontomachus relictus) were used to study their interactions with antlions. 
Workers of O. brunneus were collected in or around seasonal ponds, along ditches in cattle 
pastures, and in park-like modified habitats. Workers of O. relictus were collected primarily in 
sandhill habitats, often at the bases of turkey oaks (Quercus laevis) and palm shrubs. At least 
fifteen foragers were collected from at least eight separate colonies for each species.  Each 
colony was placed in a 32 cm X 20 cm plastic container containing glass culture tubes, plugged 
with tap water-saturated cotton for nest chambers. Ants were provided with water and 20% 
honey solution ad libitum and 4-10 termites or frozen crickets each day. 
In June 2010 and 2011, ultimate instar (third) larvae of Myrmeleon carolinus, M. crudelis, 
or M. mobilis were collected along fire lanes and under shelters at ABS, where they are abundant 
and easy to collect. Antlion larvae dig conical pitfall traps in sand or fine soil and wait under the 
surface at the bottom for small arthropod prey (most commonly ants) to fall in (Appendix A). 
The walls of the pit are unstable and cause would-be escapees to stumble toward the waiting 
antlion (Lucas 1982). Antlions also throw sand directly at running ants to further destabilize their 
attempted escapes. These passive and active foraging traits serve to increase the amount of time 
prey is available for capture (Devetak 2005). At the bottom of the pit, the antlion grabs prey with 
their long hollow mandibles, pulls them under the sand, and injects enteric fluids into the prey’s 
body cavity (Griffiths 1980; Napolitano 1998). 
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Antlions were placed in 11.5 cm diameter plastic cups coated with Fluon (Northern 
Products) and filled with 4 cm of sand collected from fire lanes. Sand was sifted with a #20 US 
standard sieve (Hogentogler & Co., Inc.) to remove large particles. After digging a pit (usually 
within 24 hours), antlions were fed one ant (Dorymyrmex bureni) each day. Both ants and 
antlions were maintained at 24° C with natural lighting cycles. Vouchers have been deposited in 
the invertebrate collection of ABS. 
Behavioral Observations 
 Behavioral interactions between trap-jaw ants and antlions were recorded with both 
standard and high-speed video cameras. Standard videos were filmed with a Panasonic TM80 
high-definition video camera at 30 fps. High-speed videos were filmed with either a Phantom 
Micro Ex4 color high-speed camera (Vision Research) or a FASTCAM-X 1280PCI high-speed 
camera (Photron) at 500 frames per second and a shutter speed of 1 µs. 
Comparative Behavioral Assays 
 I used a simple behavioral assay to estimate the frequency of trap-jaw escape jumps and 
to compare behavioral responses of O. brunneus and O. relictus during interactions in two 
contexts: with antlion predators and with other trap-jaw ants. For experiments with antlions, the 
antlions were starved for 48 hours prior to the assay and any individuals that had not dug a pit or 
abandoned their initial pit were not used. Pit diameter was measured immediately prior to each 
interaction. Workers of each ant species were placed individually into Fluon-coated cups and 
allowed to rest for approximately two minutes. Ants were then gently tipped into the antlion’s 
container away from the pit. Any ant that was dropped directly into an antlion pit or snapped its 
mandibles as it was being dropped into the arena was removed and returned to its nest for later 
use. 
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 Ants were observed for up to 10 minutes and the first interaction between the ant and 
antlion was scored only if the antlion attempted to throw sand at or grab the ant. Three possible 
interactions were recorded: caught (the ant was grabbed by the antlion and dragged under the 
sand for at least 30 seconds), escaped by running (the ant ultimately escaped from the pit by 
running out), and escaped by jumping (the ant jumped completely out of the pit as a result of a 
mandible snap). Each ant and antlion was only used once, and each individual was frozen at -20° 
C for later weighing and morphometric analysis. Frequency data were entered into a contingency 
table and analyzed with a log likelihood ratio statistic (G-test) with a William’s correction to 
correct for combinations with frequency values of zero. 
 The use of escape jumps by O. brunneus and O. relictus during heterospecific ant-ant 
interactions was tested with a procedure modified from Spagna et al. (2009). Fifteen workers of 
Odontomachus chelifer were placed into a 15 x 15 cm arena and allowed to rest for at least 30 
minutes. Foragers of O. brunneus and O. relictus were placed individually into the arena and 
observed for up to 3 minutes. Intruder ants were used up to 5 times each, and the frequency of 
escape jumps performed by the intruding ant was recorded. Statistics were not calculated for the 
heterospecific assay because of low sample numbers and confounding factors of repeatedly using 
introduced ants. Instead, these observations were used simply to answer the question if both 
species could use the escape jump.  
Kinematics and Morphology 
 Following a modified procedure of Patek et al. (2006), the mandible snaps of O. 
brunneus and O. relictus were recorded with high-speed videography to compare their kinematic 
properties. Ants were attached at the junction of the head and mesosoma to the end of a #3 insect 
pin with dental wax (Kerr Laboratory Products). The pin was fitted onto a micromanipulator and 
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the ant’s head was positioned under a Zeiss SteREO Discovery V20 stereomicroscope (0.63X or 
0.3X objective) and backlit with an LED light (Visual Instrumentation Corp.). Trap-jaw strikes 
were recorded with an attached Phantom v9.1 high-speed camera (Vision Research). One of two 
acquisition conditions were used: (1) 96 x 32 resolution, 100,000 frames per second, 5 µs 
exposure or (2) 160 x 56 resolution, 62,500 frames per second, 5 µs exposure. There was no 
statistically significant difference between these acquisition conditions (paired t-test, t = -0.4727, 
df  = 21, P = 0.64). At least 10 strikes per individual were recorded (6 workers of O. brunneus 
and 5 workers of O. relictus). 
 Following strike recordings, individual ants were immediately stored in a -20C freezer. I 
then measured several parameters: whole-body wet mass, head length (from clypeus to posterior-
most margin), head width (including eyes), wet mandible mass, and mandible length. All linear 
measurements were made with a Semprex Micro-DRO digital stage micrometer (Semprex 
Corporation) connected to a Leica MZ 12.5 stereomicroscope. Masses were measured with a 
UMX2 microbalance (Mettler-Toledo). For whole body masses and linear measurements, 
additional ants (60 ants per species) were measured to increase the sample size for between-
species comparisons.  
Kinematic parameters (maximum angular velocity and maximum angular acceleration) 
were calculated using custom tracking software developed in MATLAB (version, Mathworks) 
(Spagna et al. 2008). The code traced the paths of the leading edge of the mandibles and then 
was used to fit the positional coordinates to a circle representing the mandible’s trajectory. 
Velocity and acceleration (both tangential and angular) were then derived from this coordinate 
data. The mean maximal force (the perpendicular strike force of the tip of the mandible at the 
maximum angular acceleration) was calculated using the calculations of Patek et al. (2006). The 
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moment of inertia, I, for a thin rod of length R and mass M rotating around a fixed point (I = 
1/3MR2) was used to calculate force: 
!     13!"#  
where M is the jaw mass, R is the distance from the center of rotation to the jaw terminus, and α 
is the maximum angular acceleration (in radianss-2). Kinematic and morphometric data were 
analyzed by a two-tailed t-test with separate variances (Welch’s test). All statistical analyses 
were performed in R (R Development Core Team). 
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Results 
Comparative Behavioral Assay 
When workers were introduced into containers containing an antlion, the most common 
behavioral response for both O. brunneus and O. relictus was to run out of the pit, occurring in 
47.9% and 59.4% of encounters, respectively (Fig. 2a). Approximately one-third of all 
interactions for both species resulted in the ant being caught by the antlion (O. brunneus = 
33.8%; O. relictus = 40.6%). Workers of Odontomachus brunneus were observed to have an 
additional mode of escape from antlion pits, besides simply running out: using their mandible 
snap to jump from the pit (Fig. 1, Appendices B through E). O. brunneus escaped the antlion pit 
by jumping in 18.3% of interactions. In these cases, O. brunneus responded to an interaction 
with an antlion by snapping its jaws against the side or apex of the pit, launching itself 
completely out. In some cases, antlions grabbed the ant by the leg, gaster, or head, and the ant 
responded by snapping without targeting. In these cases a later strike resulted in the ant being 
released, sometimes even after the ant had been pulled under the sand (Appendix F). 
There was a significant association between behavioral response and species (G2 = 
17.507, df  = 2, P = 0.000158), with O. brunneus being 29 times more likely to jump out of a pit 
than O. relictus. Indeed, O. relictus was never observed jumping out of an antlion pit. When 
escape by jumping and running were combined, there was no significant association between 
response and species (Fig. 2b) (G2 = 0.664, df  = 1, P = 0.415), indicating that both species were 
equally likely to escape from antlion pits, regardless of mode of escape. However, ants that 
escaped the pit by running spent 6.1s (SD ± 1.7s n = 3) in the pit, whereas ants that escaped by 
jumping spent only 4.3 s (SD ± 5.5s n = 5). 
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When workers were introduced into arenas containing approximately 15 O. chelifer 
workers, only O. brunneus was observed to perform escape jumps (6 jumps across 26 
individuals). After testing 26 O. relictus workers over 130 total interactions, they were still not 
observed to vertically jump. They were, however, observed performing horizontal “bouncer” 
jumps as a result of striking one of the O. chelifer workers on 23 occasions. 
Kinematics and Morphology 
Odontomachus brunneus workers are larger than O. relictus for every trait measured 
(Table 1). The average mass of O. brunneus is 7.6 mg (SD ± 1.5 mg), which is significantly 
larger than O. relictus (6.2 mg SD ± 0.9 mg) (t-test, t = 4.66, df = 77, P = 0.00001). The 
mandibles of O. brunneus are also larger (t = 6.2, df = 8, P = 0.0002). However, there was no 
significant difference in their average maximum radial velocity (t = -1.48, df  = 103, P = 0.141). 
The average maximum radial velocity of O. brunneus mandible snap was 42.7 ms-1 (SD ± 9.7 
ms-1), whereas the average for O. relictus was 45.3 ms-1 (SD ± 8.3 ms-1). There was also no 
difference in mean maximum radial acceleration (t = -0.589, df = 103, P = 0.557). However, 
because of their larger mandible mass, O. brunneus produced greater mean maximum force (64.7 
mN SD ± 27.8 mN) than O. relictus (45.6 mN SD ± 15.2 mN) (t = -4.54, df = 97, P = 0.000016). 
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Discussion 
Despite the possession of a wide array of anti-predator defenses, when most ants fall into 
an antlion pit, the ultimate outcome is that either the ant is caught or the ant runs out of the pit 
(Eisner et al. 1993). In this study, I demonstrated that Odontomachus brunneus use mandible-
powered propulsion to escape from Myrmeleon antlions, common predators throughout this trap-
jaw ant’s range in the southeastern United States. Although the patchy distribution of antlion pits 
prevented a quantification of the interaction rate between O. brunneus and antlions, assemblages 
of antlions can often be found near O. brunneus and O. relictus nests and in areas where workers 
are likely to forage (personal observation). Approximately one-fifth of the interactions between 
O. brunneus and Myrmeleon species resulted in the ant escaping by jumping. This is similar to 
the frequency of escape jumps observed in other Odontomachus species in previous studies 
(Spagna et al. 2009).  
Surprisingly, O. relictus, which is found in sympatry with O. brunneus and several 
species of antlions, was never observed to jump after falling into antlion pits. Even when 
introduced into an arena with aggressive heterospecific trap-jaw ants, O. relictus workers did not 
perform vertical jumps. It is unlikely that O. relictus workers are incapable of jumping due to 
physical constraints. The mean maximal force of O. relictus mandible snaps is higher than those 
of other Odontomachus species that have been shown to use the escape jump (Spagna et al. 
2009; Spagna 2008). It is still unclear if escape jumps are not in the behavioral repertoire of O. 
relictus, or if they require a specific context in which the behavior would be released. 
The two species had similar overall frequencies of escape (Fig. 2b), which leads to the 
question of why O. brunneus workers do not escape from antlion pits by simply running. There 
may be two explanations for the value of using a mandible jump to escape from antlion pits. First, 
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the mandible jump may reduce the time that workers are exposed the predator and increase their 
probability for survival. My observations suggest that O. brunneus workers that escape by 
jumping spend less time in the pit than those that run out. Second, because large ants have a 
higher probability of stumbling on sandy slopes than small ants (Botz et al. 2003), the larger O. 
brunneus workers might be less successful at running out of pits than the smaller O. relictus and 
are therefore more likely to use an escape jump. These hypotheses could be tested by restraining 
the mandibles of trap-jaw ants and comparing both escape rate and the time spent in pits between 
ants with restrained mandibles and ants that can use their mandibles for propulsion.  
Obviously antlions are only one of numerous predators and competitors with which O. 
brunneus interacts, so it is difficult to speculate on the possible selective pressures that have led 
to escape jumps. However, the biology genus Odontomachus may provide some insight into 
these selective pressures. First, many Odontomachus species are capable of laying male eggs if 
separated from their queen (Powell and Tschinkel, 1999), and any behavior that improves an 
individual’s direct fitness can be selected for. Second, unlike many other ants that recruit to 
resources and forage with a large number of nestmates (Dornhaus and Powell 2010), trap-jaw 
ants do not use recruitment trails and, instead, forage solitarily (Hart and Tschinkel 2011; 
Raimundo et al. 2009; Ehmer and Hölldobler 1995). Without the protection of large groups of 
nestmates, trap-jaw ant foragers may be at a higher risk of predation. Assuming the trap-jaw 
apparatus was already in place for predation, it would require only a slight adjustment of 
behavioral (e.g. changing head angle) for Odontomachus foragers to co-opt their mandible snap 
for predator avoidance.  
The biomechanical details of escape jumps occurring in sandy antlion pits could not be 
described in the current study. The overhead recording of my high-speed videos prevented the 
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observation of close interactions between the antlion and trap-jaw ant, especially head angle with 
respect to the pit and strike target. It appeared as though some jumps were the result of striking 
the side of the pit, whereas other jumps resulted from strikes that appeared to be directed against 
the antlion itself. Future experiments should film the interactions in profile to allow the 
calculation of the take-off angle, velocity and trajectory of jumps that take place in antlion pits. 
Any argument for evolutionary co-option must consider the evolutionary history of the 
trait in question (Borgia and Coleman 2000). Without knowing the evolutionary history of a 
particular trait, it is impossible to make a case that it originated for one purpose and was later 
appropriated by selection for another function; it may very well have originated as a 
multifunctional trait. In their study of bowerbird mating signals, Borgia and Coleman (2000) 
combined their comparative behavioral studies with a phylogeny of the group. By reconstructing 
ancestral character traits, they showed that the skrraa calls used by males in aggressive male-
male competition were used in this context before females used them as a courtship signal. A 
comprehensive phylogeny of Odontomachus that would enable the reconstruction of the 
evolutionary history of jaw jumping is currently lacking. The limited phylogenetic hypothesis 
presented by Spagna et al. (2008) (Fig. 3), identified O. relictus and O. brunneus as sister taxa, 
suggesting that the escape jump behavior was lost in O. relictus, rather than gained in O. 
brunneus. There are more than 60 species of Odontomachus and at least as many in the sister 
trap-jaw genus Anochetus. Only a small fraction of these trap-jaw ants have been studied in any 
detail with respect to the defensive use of the mandible snap. Future work on the evolutionary 
history of this system will require more comprehensive documentation of their behavioral 
repertoire. 
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Figure 1. a High-speed video images of a representative escape jump during an interaction 
between O. brunneus and Myrmeleon carolinus. Film was shot at 500 fps. Time stamp indicates 
the time elapsed since first frame (upper left). Scale bars = 1cm. 
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Figure 1.b. (cont.) 
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Figure 2. Behavioral response of O. brunneus (black bars) and O. relictus (white bars) during 
interactions with antlions. Bars represent cumulative frequencies. a. behavioral responses scored 
as being caught by the antlion, escaping by jumping, or escaping by running. b. The same data as 
in a. but both escape responses (jump and run) are pooled. 
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Figure 3. Phylogenic tree for a small sample of Odontomachus spp. from Spagna et al. (2008) 
with behavioral use of the mandible snap for either predation or escape mapped. (+) presence, (-) 
absence, or (?) use unknown. 
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Appendix A: High-Speed Video of Antlion Predation 
 A high-speed video example of typical antlion predation can be found in a supplemental 
file named larabee_appendix_A.mov. 
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Appendix B: Video #1 of Trap-Jaw Ant Escape Jump 
 A standard speed video example of Odontomachus brunneus jumping out of an 
experimental antlion pit can be found in a supplemental file named larabee_appendix_B.mov. 
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Appendix C: Video #2 of Trap-Jaw Ant Escape Jump 
 An additional standard speed example of a trap-jaw ant jumping out of an antlion pit, 
with greater magnification and focus on the behavioral interaction, can be found in the 
supplemental file larabee_appendix_C.mov. 
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Appendix D: High-Speed Video #1 of Trap-Jaw Ant Escape Jump 
 A high-speed video (500 fps) example of Odontomachus brunneus jumping out of an 
antlion pit can be found in the supplemental file larabee_appendix_D.mov. This file is a video 
version of Figure 1.a. 
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Appendix E: High-Speed Video #2 of Trap-Jaw Ant Escape Jump 
 An additional high-speed video example of a trap-jaw ant jumping out of an antlion pit 
can be found in the supplemental file larabee_appendix_E.mov. This file is a video version of 
Figure 1.b. 
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Appendix F: High-Speed Video of Trap-Jaw Ant Snap 
 An example of Odontomachus brunneus snapping its jaws after being dragged under the 
sand by an antlion can be found in the supplemental file larabee_appendix_F.mov.  
